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T h i s  r e p o r t  describes t h e  r e s u l t s  o f  a con t inu ing  program 
t o  develop an e x p l o s i v e l y  d r i v e n  hyperve loc i  t y  launcher  capab le  
of ach iev ing  v e l o c i t i e s  between 15 and 20 km/sec. Major emphasis 
i n  t h i s  e f f o r t  w a s  p l aced  on unders tanding  t h e  o p e r a t i o n  and i m -  
p roving  the  e f f e c t i v e n e s s  of t h e  second s t a g e .  Previous  e f f o r t s  
had i d e n t i f i e d  incomplete  barrel  c o l l a p s e  as t h e  l i m i t i n g  factor 
i n  launcher  performance. 

A series of matched two-stage launcher  experiments  and 
computer c a l c u l a t i o n s  w a s  performed. From a c o r r e l a t i o n  of 
exper imenta l  and computat ional  r e s u l t s  it w a s  concluded t h a t  t h e  

i n t e r a c t i o n  of boundary-layer gases  w i t h  t h e  b a r r e l - c o l l a p s e  
p rocess  i s  r e s p o n s i b l e  f o r  incomplete  c o l l a p s e .  

A simple model f o r  t h e  boundary-layer b a r r e l - c o l l a p s e  
i n t e r a c t i o n  i n d i c a t e s  t h a t  i n - c o n t a c t  exp los ives  may have in -  
s u f f i c i e n t  energy d e n s i t i e s  t o  c o l l a p s e  t h e  b a r r e l  a g a i n s t  a 
developed boundary l a y e r .  Accordingly,  a phased exp los ive  l e n s  
w a s  used t o  accelerate a s teel  f l y e r  p l a t e  which a c q u i r e s  s i g n i -  
f i c a n t l y  h i g h e r  energy d e n s i t i e s  t han  t h e  a c t u a l  exp los ive .  The 

f l y e r  p l a t e  impacts  t h e  b a r r e l  producing stresses up t o  1 Mbar. 
T h i s  t ype  o f  l e n s  appears  e f f e c t i v e  i n  c o l l a p s i n g  barrels a g a i n s t  
t h e  dynamic effects a s s o c i a t e d  wi th  t h e  gas flow. However, when 
f l a t  f l y e r  p l a t e s  w e r e  impacted on t h e  bar re l ,  t h e  sides of t h e  
ba r r e l  were observed t o  r u p t u r e  and leak gas  p r i o r  t o  b a r r e l  
c l o s u r e .  A promising s o l u t i o n  t o  the  bar re l  r u p t u r e  problem is 
t o  c o l l a p s e  a tube around t h e  barrel .  This  technique  has y e t  t o  
be a t tempted  on a two-stage launcher .  
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E C T I O ~  1 

INTRODUCTION 

P h y s i c s  I n t e r n a t i o n a l  h a s  been engaged i n  a con t inu ing  
e f f o r t  t o  develop hype rve loc i ty  launchers  f o r  ach iev ing  t h e  
h i g h e s t  p o s s i b l e  p r o j e c t i l e  v e l o c i t i e s .  The h i g h e s t  v e l o c i t y  
achieved has  been 1 2 . 2  km/sec by a 2-gram p r o j e c t i l e  (Refer- 
ence 1). T h e  impetus f o r  t h i s  work a r i s e s  p r i m a r i l y  from t h e  
desire t o  s i m u l a t e  meteoroid impact phenomena. A s  space v e h i c l e s  
become l a r g e r  and are r e q u i r e d  t o  be o p e r a t i v e  f o r  l onge r  p e r i o d s  
of t i m e ,  t h e  p r o b a b i l i t y  of a d e s t r u c t i v e  meteoroid impact i n -  
c r e a s e s  s u b s t a n t i a l l y .  S p a c e c r a f t  d e s i g n e r s  m u s t  account  f o r  
i n c r e a s e d  impact p r o b a b i l i t y  i n  v e h i c l e  s k i n  des igns .  An  impact 
f a c i l i t y  capable  of  launching 1 0 0  mg p r o j e c t i l e s  t o  2 0  km/sec 

would al low des ign  concepts  t o  be t e s t e d  and e v a l u a t e d  under 
r e a l i s t i c  impact c o n d i t i o n s ,  wi thout  r e s o r t i n g  t o  va r ious  energy 
o r  momentum s c a l i n g  laws. P o s s i b l e  b e n e f i t s  t o  be de r ived  from 
such  t e s t i n g  i n c l u d e  an a c c u r a t e  de t e rmina t ion  of the impact 
r e s i s t a n c e  of p r e s e n t  s p a c e c r a f t  des igns  and an e v a l u a t i o n  of 
new des ign  concepts  which may r e s u l t  i n  decreased  v e h i c l e  weight  
and i n c r e a s e d  v e h i c l e  payload.  

T h i s  r e p o r t  d e s c r i b e s  t h e  most r e c e n t  e f f o r t  i n  a con t inu ing  
series t o  develop  a two-stage e x p l o s i v e l y  d r i v e n  launcher  f o r  use 
i n  t h e  15 t o  2 0  km/sec v e l o c i t y  range.  P r i n c i p a l  emphasis i n  
t h i s  e f f o r t  was d i r e c t e d  toward unders tanding  and improving t h e  
o p e r a t i o n  of t h e  second-stage b a r r e l  c o l l a p s e  p rocess .  A series 
of c a l c u l a t i o n s  and experiments  was conducted which i n d i c a t e d  



t h a t  boundary-layer formation i n  t h e  g a s  behind t h e  p r o j e c t i l e  i s  
r e s p o n s i b l e  f o r  t h e  incomplete barrel c o l l a p s e  observed on a l l  
prev ious  two-stage launchers .  A new c o l l a p s e  technique  i n  which 

a f l y e r  p l a t e  impacts  t h e  b a r r e l  w a s  demonstrated t o  be more 
e f f e c t i v e  i n  c o l l a p s i n g  a b a r r e l  c o n t a i n i n g  a developed boundary 
l a y e r .  

Sec t ion  2 of t h i s  r e p o r t  c o n t a i n s  b r i e f  d e s c r i p t i o n s  of t h e  
e x p l o s i v e l y  d r i v e n  launcher  concept ,  a performance c a l c u l a t i o n ,  
and a v e r i f i c a t i o n  experiment.  The des ign  of a two-stage ex- 
p l o s i v e l y  d r i v e n  launcher  i s  d i scussed  i n  S e c t i o n  3 .  P e r t i n e n t  
performance c a l c u l a t i o n s ,  i n c l u d i n g  t h e  second-s t a g e  c o l l a p s e  
p r o c e s s ,  are p resen ted .  Accompanying launcher  experiments  are 
d i scussed .  Sec t ion  4 c o n s i d e r s  t h e  barrel  c o l l a p s e  p rocess  and 
t h e  problems associated w i t h  a ch iev ing  complete c o l l a p s e .  Ex- 
pe r imen ta l  r e s u l t s  of t w o  d i f f e r e n t  c o l l a p s e  techniques  are 
p resen ted .  Conclusions drawn f r o m  t h e  p r e s e n t  work and recom- 
mendations f o r  cont inued launcher  development are conta ined  i n  
S e c t i o n  5.  
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SECTION 2 

EXPLOSIVELY DRIVEN LAUNCHER CONCEPT 

The b a s i c  e lement  i n  t h e  hype rve loc i ty  launcher  concept  
developed by Phys ic s  I n t e r n a t i o n a l  i s  t h e  exp los ive  d r i v e r ,  an 
e f f i c i e n t  d e v i c e  f o r  c o n v e r t i n g  t h e  chemical energy of  high 
exp los ives  i n t o  u s e f u l  gasdynamic energy.  The e x p l o s i v e  d r i v e r  
c o n s i s t s  of a th in-wal led  s tee l  p r e s s u r e  t u b e  c o n t a i n i n g  helium 
gas and surrounded by a t h i n  l a y e r  o f  exp los ive .  A de tona t ion  
wave i n i t i a t e d  a t  one end propagates  a x i a l l y  and p r o g r e s s i v e l y  
c o l l a p s e s  t h e  steel  tube .  The c o l l a p s i n g  t u b e  acts  as a mechani- 
cal p i s t o n  t r a v e l i n g  a t  t h e  de tona t ion  v e l o c i t y  of  t h e  exp los ive  
and d r i v e s  a s t r o n g  shock wave i n t o  t h e  helium d r i v e r  gas .  
Typ ica l  achieved c o n d i t i o n s  i n  t h e  shocked hel ium are a f l o w  
v e l o c i t y  of 6 . 3  km/sec ( e q u a l  t o  t h e  d e t o n a t i o n  v e l o c i t y  of 
ni t romethane)  and a p r e s s u r e  of 6 ,000  atmospheres.  Approximately 
1 0  p e r c e n t  of t h e  a v a i l a b l e  e x p l o s i v e  energy i s  d e l i v e r e d  t o  t h e  
helium d r i v e r  g a s .  T h i s  ene rg ized  helium gas  provides  t h e  i n i t i a l  
a c c e l e r a t i o n  o f  t h e  p r o j e c t i l e .  

Extens ive  s t u d i e s  have been made of e x p l o s i v e  d r i v e r  opera- 
t i o n  d u r i n g  which a l l  i d e a l  and nonidea l  e f f e c t s  concerning t h e  
exp los ive  tube c o l l a p s e  w e r e  cons idered  (References 2 and 3 ) .  
Figure  1 i l l u s t r a t e s  t h e  i d e a l  d r i v e r  o p e r a t i o n ,  i n  which a coni-  
c a l  p i s t o n  i s  e x p l o s i v e l y  formed and d r i v e s  a s t r o n g  shock i n t o  
t h e  d r i v e r  gas .  A s l u g  of uniformly processed  high-energy- 
d e n s i t y  gas  i s  produced. I d e a l l y  t h e  l e n g t h  of t h e  gas  s l u g  i s  
p r o p o r t i o n a l  t o  t h e  d r i v e r  l e n g t h  and can b e  made a r b i t r a r i l y  
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long by i n c r e a s i n g  t h e  d r i v e r  l e n g t h .  However, i t  has  been 
observed t h a t  idea l  o p e r a t i o n  occur s  only  for short  d r i v e r s ,  
those having a length- to-diameter  r a t i o  of less than  25. A t  

g r e a t e r  l e n g t h s  non idea l  effects i n f l u e n c e  d r i v e r  o p e r a t i o n  and 
t e n d  t o  dec rease  t h e  s l u g  l e n g t h  below i t s  i d e a l  va lue .  A t  a 
length- to-diameter  r a t i o  of 1 0 0  o r  greater,  a s t e a d y  state s i t u a -  
t i o n  i s  a t t a i n e d  i n  which t h e  shock v e l o c i t y  i s  equa l  t o  t h e  
de tona t ion  v e l o c i t y  and t h e  s l u g  l e n g t h  remains cons t an t .  When 
t h i s  occurs ,  t h e  rate a t  which gas  i s  l o s t  from t h e  s l u g  i s  e q u a l  
t o  t h e  mass f l u x  be ing  swept up by t h e  i n c i d e n t  shock. 

F igu re  2 i l l u s t r a t e s  t h e  non idea l  effects t h a t  are impor tan t  
t o  launcher  o p e r a t i o n .  Radia l  expansion of t h e  p r e s s u r e  tube  
induced by t h e  incident-shock p r e s s u r e  tends  t o  decrease t h e  s l u g  
l e n g t h  f rom i t s  i d e a l  va lue .  For  t u b e  expansion g r e a t e r  t han  
30 p e r c e n t ,  dynamic r u p t u r e  may occur .  The r a t e  of  expansion i s  
determined by t h e  r e s p e c t i v e  w a l l  t h i c k n e s s e s  of t h e  p r e s s u r e  
t u b e  and tamper. A second e f f e c t  c o n t r o l l e d  by tub ing  t h i c k -  
nes ses  i s  t h e  exp los ive  t u b e  c o l l a p s e .  A t  l a r g e  angles  of  
c o l l a p s e  of t h e  p r e s s u r e  t u b e ,  j e t t i n g  of  l i n e a r  mater ia l  can 
occur .  The h igh -ve loc i ty  j e t  of mater ia l  contaminates  t h e  d r i v e r  
gas and can conceivably damage t h e  p r o j e c t i l e .  Conversely,  a t  
s m a l l  t ube  c o l l a p s e  v e l o c i t i e s  a complete c l o s u r e  may n o t  be 

a t t a i n e d ,  g a s  may be allowed t o  e scape ,  and t h e  performance of 
t h e  d r i v e r  degraded. 

A non idea l  e f fec t  common t o  a l l  gasdynamic systems i s  
boundary-layer growth. I n  an  e x p l o s i v e  d r i v e r  boundary- l a y e r  
growth behind t h e  d r i v e r  shock becomes n o t i c e a b l e  a t  d r i v e r  
length- to-diameter  r a t io s  greater than  25. A t  t h i s  p o i n t  t h e  
d r i v e r  shock v e l o c i t y  beg ins  t o  f a l l  below i t s  i d e a l  va lue .  
Terminal o b s e r v a t i o n s  of c o l l a p s e d  p r e s s u r e  t u b e s  have shown 
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Figure 1 Idealized schematic of linear explosive driver. 
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Figure 2 Schematic of nonideal phenomena in explosive drivers. 
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t h a t  complete c o l l a p s e  i s  achieved on ly  i n  t h e  i n i t i a l  p o r t i o n  
of  t h e  d r i v e r ,  a f t e r  which a p r o g r e s s i v e l y  larger ho le  appears .  
The o n s e t  of incomplete  p re s su re - tube  c o l l a p s e  and t h e  degrada- 
t i o n  of  shock v e l o c i t y  have been c o r r e l a t e d  w i t h  boundary-layer 
growth behind t h e  i n c i d e n t  shock (Reference 2 ) .  The d e t a i l e d  
i n t e r a c t i o n  between t h e  boundary l a y e r  and t h e  c o l l a p s e  p rocess  
i s  extremely complex and t h e  s p e c i f i c  mechanism by which t h e  
boundary l a y e r  i n h i b i t s  t h e  c o l l a p s e  i s  n o t  completely understood. 
Th i s  problem i s  d i s c u s s e d  i n  a d d i t i o n a l  d e t a i l  i n  Sec t ion  4 ,  as 
i t  is of c o n s i d e r a b l e  importance i n  t h e  second-stage launcher  
ope ra t ion .  For hype rve loc i ty  l aunche r  a p p l i c a t i o n s ,  exp los ive  
d r i v e r s  are g e n e r a l l y  des igned  w i t h  a length- to-diameter  r a t i o  
of 25 so t h a t  boundary l a y e r  e f f e c t s  are n e g l i g i b l e .  I n  t h i s  
s i t u a t i o n ,  t h e  exp los ive  d r i v e r  has  proven a r e l i a b l e  and re- 
p roduc ib le  gasdynamic dev ice .  

During t h e  p a s t  s e v e r a l  y e a r s  a b a s i c  launcher  des ign  has  
been developed capable  o f  a c c e l e r a t i n g  an i n t a c t  p r o j e c t i l e  t o  
a v e l o c i t y  o f  8 .8  km/sec. Although t h e  launcher  may be  employed 
as a s i n g l e - s t a g e  d e v i c e ,  i t  i s  p r i m a r i l y  in t ended  as  t h e  f i r s t  
s t a g e  of  a two-stage system. Th i s  d i s t i n c t i o n  arises because 
t h e  launcher  w a s  designed t o  p rov ide  gasdynamic c o n d i t i o n s  
s u i t a b l e  f o r  second-stage augmentation t echn iques ,  r a t h e r  than  
t o  provide maximum o b t a i n a b l e  p r o j e c t i l e  v e l o c i t y .  The launcher  
u t i l i z e s  a nominal 3-kbar helium d r i v e r  having a length- to-  
d iameter  r a t i o  of 2 5 .  The i n c i d e n t  helium shock d r i v e s  i n t o  a 
c o n i c a l  b reech  s e c t i o n  having  a chambrage (area convergence 
r a t i o )  of 5.6. The p r o j e c t i l e  i s  i n i t i a l l y  l o c a t e d  t w o  body 
d iameters  downstream f r o m  t h e  end o f  t h e  c o n i c a l  breech.  The 
peak p r e s s u r e  seen  by t h e  p r o j e c t i l e  du r ing  t h e  launch c y c l e  
exceeds 50 ,000  atmospheres and occur s  when t h e  i n c i d e n t  shock 
r e f l e c t s  o f f  t h e  b a s e  6 f  t h e  p r o j e c t i l e .  C a r e f u l  des ign  of t h e  
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breech and p r o j e c t i l e  allows p r o j e c t i l e s  t o  be launched i n t a c t  
d e s p i t e  base p r e s s u r e s  f a r  i n  excess  o f  t h e  p r o j e c t i l e  y i e l d  
s t r e n g t h .  

2 . 1  SINGLE STAGE LAUNCHER EXPERIMENT, 245-1 

Shot 245-1 w a s  a t es t  of t h e  f i r s t - s t a g e  l aunche r  o p e r a t i o n  
p r i o r  t o  i n t e g r a t i o n  wi th  a second stage. As t h i s  launcher  w a s  
a 0 . 4  scale v e r s i o n  of t h e  s t a n d a r d  l aunche r  r e p o r t e d  i n  p rev ious  
work (Reference l), t h e  shot provided a v e r i f i c a t i o n  of launcher  
performance i n  t h e  smaller  scale and t iming  d a t a  necessary  f o r  
correct phas ing  w i t h  t h e  second stage. The bore of t h e  launcher  
was 0.635 c m  and t h e  magnesium-lithium p r o j e c t i l e  had a mass of  
1 4 0  mg and a length- to-diameter  r a t i o  of 1/2. T h e  o v e r a l l  
l e n g t h  of t h e  l aunche r  w a s  9 0  c m  and i t s  weight  w a s  8 pounds. 
The exp los ive  d r i v e r  r e q u i r e d  1 6 0  grams of s e n s i t i z e d  n i t r o -  
methane. 

The shot  w a s  s u c c e s s f u l  b o t h  i n  t e r m s  o f  data a c q u i s i t i o n  
and launcher  performance. The observed muzzle v e l o c i t y  of t h e  

p r o j e c t i l e  w a s  8 .8  km/sec, and t h e  c o n d i t i o n  of  t h e  p r o j e c t i l e  
was judged e x c e l l e n t .  Three pulsed  rad iographs  of t h e  pro jec-  
t i l e  i n  f l i g h t  are p resen ted  i n  F igure  3 .  The p r o j e c t i l e  i s  
tumbling i n  f l i g h t  because o f  t h e  r e l a t i v e l y  h igh  d e n s i t y  
a tmospheric  range.  The p r o j e c t i l e  impacted a 6061-T6 aluminum 
target  j u s t  beyond t h e  t h i r d  r ad iog raph ic  s t a t i o n  i n  F igu re  3 .  

T h e  r e s u l t i n g  impact crater  is  shown i n  F igu re  4 .  Because o f  
areodynamic d e c e l e r a t i o n ,  t h e  p r o j e c t i l e  v e l o c i t y  a t  impact had 

decreased  t o  7 .5  km/sec. 
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Figure  4 Impact crater i n  6061-T6 aluminum t a r g e t  for 
Shot 245-1. Impact ve loc i ty  w a s  7.5 km/sec. 
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I n t e g r a t i o n  of t h i s  basic launcher  des ign  w i t h  va r ious  
second-stage augmentation techniques  r e q u i r e s  a detailed k 

ledge of t h e  gasdynamics o c c u r r i n g  behind t h e  p r o j e c t i l e  du r ing  
t h e  i n i t i a l  phase  of t h e  launch cyc le .  However, t h e  extreme 
c o n d i t i o n s  of p r e s s u r e  and f l o w  v e l o c i t y  p rec lude  o b t a i n i n g  
exper imenta l  d a t a  on t h e  i n t e r n a l  launcher  b a l l i s t i c s .  A more 
p roduc t ive  approach i s  t o  u s e  Phys ics  I n t e r n a t i o n a l ' s  GANGPOD 

computer code t o  c a l c u l a t e  t h e  launch dynamics. 

2 .2  GANGPOD PERFORNANCE CALCULATION 

Phys ics  I n t e r n a t i o n a l ' s  GANGPOD computer code i s  a one- 
dimensional Lagrangian code designed f o r  c a l c u l a t i n g  nonsteady 
flow through d u c t s  accompanied by s i g n i f i c a n t  r a d i a l  expansion 
of t h e  w a l l s .  The i n t e r a c t i o n  between t h e  w a l l  expansion and 
t h e  gas  f l o w  i s  handled c o r r e c t l y  t o  t h e  e x t e n t  t h a t  one- 
dimensional  gasdynamics i s  v a l i d .  S t a r t i n g  from t h e  known s ta te  
of t h e  d r i v e r  g a s  immediately b e f o r e  it e n t e r s  t h e  c o n i c a l  
b reech ,  t h e  code w a s  used t o  c a l c u l a t e  t h e  complete dynamics of 
t h e  launch c y c l e .  Detailed wave dynamic i n t e r a c t i o n s  between 
t h e  d r i v e r  gas, p r o j e c t i l e ,  and launcher  w a l l s  are c a l c u l a t e d  i n  
a t ime-stepping manner. The complete t i m e  h i s t o r y  of  t h e  pro jec-  
t i l e  a c c e l e r a t i o n  i s  c a l c u l a t e d  i n c l u d i n g  t h e  v e l o c i t y  and 
a r r i v a l  t i m e  a t  t h e  l aunche r  muzzle. These t w o  v a r i a b l e s  are 
r e a d i l y  observable  i n  experiments  and r e p r e s e n t  convenient  
comparison p o i n t s  between experiment and c a l c u l a t i o n .  S ince  t h e  
f i n a l  p r o j e c t i l e -  v e l o c i t y  i s  determined by t h e  t ime- in t eg ra t ed  
base  p r e s s u r e  h i s t o r y ,  it i s  a meaningful parameter  fo r  v e r i f y i n g  
t h e  complete code c a l c u l a t i o n .  

10 



A GANGPOD c a l c u l a t i o n  w a s  run  f o r  comparison w i t h  s h o t  
245-1.  The reservoir,  b reech ,  b a r r e l ,  and p r o j e c t i l e  geometry 
of  t h e  b a s i c  launcher  were inc luded  i n  t h e  c a l c u l a t i o n a l  geometry. 
The d r i v e r  gas s ta te  w a s  chosen t o  have t h e  i d e n t i c a l  p r e s s u r e ,  
v e l o c i t y ,  and s l u g  l e n g t h  observed i n  s h o t  245-1. The c a l c u l a t i o n  
w a s  s t a r t e d  w i t h  t h e  i n c i d e n t  helium shock j u s t  e n t e r i n g  t h e  
c o n i c a l  breech.  A f t e r  t h e  c a l c u l a t i o n  had run f o r  53.5 psec, t h e  
p r o j e c t i l e  had t r a v e l e d  33.2 c m  down t h e  bar re l  and had a t t a i n e d  
a v e l o c i t y  o f  8 . 3  km/sec. B y  r e f e r e n c i n g  t h e  computed d i s t a n c e  
and t i m e  scales t o  t h e  observed shock a r r i v a l  a t  t h e  nozz le  
e n t r a n c e ,  t h e  GANGPOD p r o j e c t i l e  t r a j e c t o r y  can b e  compared w i t h  
t h e  observed r e s u l t s  from s h o t  245-1. F igu re  5 p r e s e n t s  bo th  t h e  
c a l c u l a t e d  and observed  t ra jector ies .  The computed t r a j e c t o r y  i s  
i n  e x c e l l e n t  agreement w i t h  t h e  e x t r a p o l a t e d  range d a t a ,  l end ing  
credence t o  t h e  GANGPOD computat ional .  t echnique  as w e l l  as 
provid ing  t iming  data e s s e n t i a l  f o r  two-stage launcher  des ign .  
Based upon t h i s  s u c c e s s f u l  c a l c u l a t i o n  o f  l aunche r  performance, 
t h e  GANGPOD t echn ique  w a s  presumed t o  c o r r e c t l y  c a l c u l a t e  t h e  
i n t e r n a l  l aunche r  dynamics and was used as a des ign  t o o l  f o r  
i n t e g r a t i n g  second-stage augmentation techniques .  

11 
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GN AND OP RATION OF A TWO ST GE ~ A U N C ~ ~ R  

Conceptual ly ,  t h e  o p e r a t i o n  of  a second s t a g e  is  s i m i l a r  t o  
ope ra t ion  of t h e  f i r s t  i n  t h a t  an e x p l o s i v e l y  formed p i s t o n  i s  
used t o  f u r t h e r  i n c r e a s e  p r o j e c t i l e  v e l o c i t y  as it travels down 
t h e  b a r r e l .  The p i s t o n  is  formed by p r o g r e s s i v e l y  c o l l a p s i n g  t h e  
b a r r e l  w a l l s  a f t e r  t h e  p r o j e c t i l e  and a predetermined l e n g t h  of 

gas  have passed.  A f t e r  format ion ,  t h e  p i s t o n  accelerates a long  
a p r e s c r i b e d  ve loc i ty -d i s t ance  t r a j e c t o r y ,  f o r c i n g  t h e  t r apped  
gas and p r o j e c t i l e  t o  h igh  v e l o c i t i e s .  The p i s t o n  t r a j e c t o r y  i s  
determined by a phased exp los ive  l e n s  system. Typ ica l ly ,  t h e  
second-stage p i s t o n  s tar ts  moving a t  6 .3  km/sec and accelerates 
t o  1 4  km/sec. I n  t h e  0.635-cm bore l aunche r ,  t h e  a c c e l e r a t i o n  
occurs  over  a d i s t a n c e  of 60 c m .  Since t h e  t i m e  r equ i r ed  f o r  
b a r r e l  c o l l a p s e  a t  any p o i n t  i s  approximately c o n s t a n t  and i s  n o t  
dependent upon t h e  a x i a l  p rogress ion  ra te  o f  t h e  c o l l a p s e ,  t h e  
l eng th  of  t h e  c o l l a p s e  reg ion  i n c r e a s e s  as t h e  p i s t o n  accelerates. 
The l i m i t i n g  p i s t o n  v e l o c i t y  occurs  when t h e  c o l l a p s e  reg ion  i s  
s u f f i c i e n t l y  long  t o  c o n t a i n  a11 of  t h e  t rapped  gas  d r i v i n g  t h e  
p r o j e c t i l e .  F u r t h e r  i n c r e a s e  i n  p i s t o n  v e l o c i t y  w i l l  cause t h e  
c o l l a p s e  reg ion  t o  ove r t ake  t h e  p r o j e c t i l e .  The maximum p r o  jec- 

t i l e  v e l o c i t y  a t t a i n a b l e  wi th  t h i s  t ype  of system p r e s e n t l y  
appears  t o  be about 20 km/sec. This v e l o c i t y  l i m i t a t i o n  can be 
removed by d e v i s i n g  advanced techniques  f o r  c o l l a p s i n g  t h e  barrel  
more r a p i d l y .  S p e c i f i c  c o l l a p s e  techniques  are d i scussed  i n  
Sec t ion  4 of  t h i s  report .  

1 3  



Proper  ope ra t ion  of, t h e  second s t a g e  relies on matching t h e  
a c c e l e r a t i o n  of t h e  e x p l o s i v e  l e n s  w i t h  t h e  a c c e l e r a t i o n  o f  t h e  

p r o j e c t i l e  as determined by i t s  base p r e s s u r e  and areal d e n s i t y .  
I f  t h e  base p r e s s u r e  is  too h igh ,  t h e  p r o j e c t i l e  w i l l  accelerate 
f a s t e r  t han  t h e  l e n s ,  and proper  v e l o c i t y  augmentation w i l l  n o t  
be achieved. I f  t h e  base  p r e s s u r e  is  too l o w ,  t h e  e x p l o s i v e l y  

formed p i s t o n  may ove r t ake  and d e s t r o y  t h e  p r o j e c t i l e .  I n  a 

p rope r ly  matched system t h e  p i s t o n  accelerates j u s t  r a p i d l y  

enough to  main ta in  a c o n s t a n t  base p r e s s u r e  on t h e  a c c e l e r a t i n g  
p r o j e c t i l e .  

The base  p r e s s u r e  a t  t h e  s t a r t u p  o f  t h e  second-stage opera- 
t i o n  i s  s t r o n g l y  dependent upon t h e  t iming and p o s i t i o n  o f  t h e  
l e n s  re la t ive t o  t h e  p r o j e c t i l e .  A s  t h e  p r o j e c t i l e  accelerates 
down t h e  b a r r e l ,  t h e  base p r e s s u r e  r a p i d l y  decays.  F igure  6 

shows t h e  r e s u l t s  of  a GANGPOD c a l c u l a t i o n  of  t h e  i n t e r n a l  
launcher  dynamics dur ing  t h e  i n i t i a l  phase of  t h e  launch c y c l e .  
The abscissa scaJ.e r e p r e s e n t s  d i s t a n c e  from t h e  en t r ance  t o  t h e  

c o n i c a l  breech.  On t h i s  scale, t h e  i n i t i a l  l o c a t i o n  of  t h e  base  
of  t h e  p r o j e c t i l e  i s  1.8 c m .  The t w o  v e r t i c a l  scales i n c l u d e  
both  p r e s s u r e  and v e l o c i t y .  The s o l i d  curves  r e p r e s e n t  t h e  
p r o j e c t i l e - r e l a t e d  v a r i a b l e s  as a func t ion  o f  p r o j e c t i l e  t r a v e l  
down t h e  barrel .  The dashed curves  p o r t r a y  v e l o c i t y  and p r e s s u r e  
p r o f i l e s  i n  t h e  gas  behind t h e  p r o j e c t i l e s  when t h e  p r o j e c t i l e  
has  reached t h e  1 1 - c m  l o c a t i o n .  

The minimum allowable s t a r t u p  cond i t ions  f o r  the second- 
stage l e n s  are 5-kbar p r e s s u r e  and 6 . 3  km/sec v e l o c i t y .  This  
p r e s s u r e  l eve l  is chosen t o  be l o w  enough no t  t o  i n t e r f e r e  w i t h  

t h e  b a r r e l - c o l l a p s e  p r o c e s s ,  whi le  a l lowing  a r a p i d  acceleration 
t o  high v e l o c i t i e s .  The minimum v e l q c i t y  r e p r e s e n t s  the  detona- 
t i o n  v e l o c i t y  of  u n d i l u t e d  ni t romethane,  a convenient  i n i t i a l  
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v e l o c i t y  f o r  t h e  second-stage l ens .  To allow f o r  p o s s i b l e  
leakage of gas and the  e l o n g a t i o n  of  t h e  c o l l a p s e  region a t  h igh  
phased-detonation v e l o c i t i e s ,  it is  necessary  t o  i n i t i a t e  t h e  
second-stage c o l l a p s e  p rocess  s o m e  distance behind t h e  p r o j e c t i l e .  
The minimum a l lowable  s t a r t u p  cond i t ions  must t hen  be achieved 
a f t e r  t h e  p r o j e c t i l e  has  t r a v e l l e d  some d i s t a n c e  down t h e  barrel. 
An i n i t i a l  d i s t a n c e  of 5 c m  w a s  chosen between t h e  p r o j e c t i l e  
and t h e  c o l l a p s e  reg ion .  

Assuming t h e  l e n s  starts a t  t h e  6-cm p o i n t  i n  Figure 6 ,  t h e  
p r o j e c t i l e  should be a t  t h e  1 1 - c m  p o i n t  when t h e  second-stage 
p i s t o n  starts.  The base p r e s s u r e  a t  11 c m  is 6 k b a r ,  and t h e  
p r o j e c t i l e  has  a c c e l e r a t e d  t o  7 . 2 5  km/sec. More impor t an t ,  t h e  
average p r e s s u r e  i n  t h e  r eg ion  of t r apped  gas between 6 and 11 c m  
i s  about  5 kba r  and t h e  average flow v e l o c i t y  appears  t o  be 

6 km/sec. These are accep tab le  second-stage s t a r t u p  c o n d i t i o n s ,  
as t h e  average p r e s s u r e  i s  a t  l eas t  5 kbar  and t h e  p r o j e c t i l e  i s  
t r a v e l i n g  f a s t e r  t han  t h e  i n i t i a l  p i s t o n  v e l o c i t y .  

Assuming a c o n s t a n t  base p r e s s u r e  of 5 kbar  and a p r o j e c t i l e  
2 areal d e n s i t y  of 0.438 gram/cm , t h e  r e s u l t i n g  a c c e l e r a t i o n  i s  

0 .0114  c m / v s e c  . A p i s t o n  s t a r t i n g  a t  6.3 km/sec an.d undergoing 
a uniform a c c e l e r a t i o n  of 0 .0114 c m / v s e c  would a c q u i r e  a veloc- 
i t y  o f  13.14 km/sec a f t e r  60 c m  of travel.  A second-stage 

2 

2 

p i s t o n  fol lowing t h i s  t r a j e c t o r y  should be c l o s e l y  matched t o  
t h e  e x i s t i n g  gasdynamics c o n d i t i o n s  a t  t h e  s t a r t  o f  l e n s  opera-  
t i o n .  

A series o f  one-dimensional POD c a l c u l a t i o n s  w a s  performed 
to  e v a l u a t e  t h e  s e n s i t i v i t y  of  t h e  second-stage performance t o  
second-stage s t a r t u p  c o n d i t i o n s .  Having chosen a p a r t i c u l a r  
p i s t o n  t r a j e c t o r y  ( cons t an t  a c c e l e r a t i o n  from 6 .3  t o  13 .1  km/sec) , 
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Figure  6 GANGPOD 245-32 ,  base  p r e s s u r e  and p r o j e c t i l e  
v e l o c i t y  p r o f i l e s .  
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v a r i o u s  p r e s s u r e s  and v e l o c i t i e s  were selected f o r  pickup condi- 
t i o n s .  The c a l c u l a t i o n s  i n d i c a t e d  t h a t  a 20-percent v a r i a t i o n  
i n  pickup p r e s s u r e  in t roduced  a v a r i a t i o n  of less than 5 p e r c e n t  
i n  f i n a l  p r o j e c t i l e  v e l o c i t y .  The h i g h e s t  f i n a l  p r o j e c t i l e  
v e l o c i t y  w a s  a t t a i n e d  when a l o w  pickup p r e s s u r e  w a s  assumed, 
a l though t h i s  a l so  carried t h e  greatest  a t t e n d a n t  r i s k  of t h e  
p i s t o n  ove r t ak ing  t h e  p r o j e c t i l e .  V a r i a t i o n s  of  t h e  v e l o c i t y  
p r o f i l e  i n  t h e  gas behind t h e  p r o j e c t i l e  had no s i g n i f i c a n t  e f f e c t  
on t h e  f i n a l  p r o j e c t i l e  v e l o c i t y ,  

The second-stage p i s t o n  t r a j e c t o r y  is  gene ra t ed  by an 
exp los ive  l e n s .  The o p e r a t i o n  of such a l e n s  i s  shown schemati-  
c a l l y  i n  F igure  7. A f t e r  t h e  l e n s  i s  i n i t i a t e d ,  a de tona t ion  
wave f r o n t  proceeds a long  t h e  b a r r e l  a t  a v e l o c i t y  e q u a l  t o  t h e  
de tona t ion  v e l o c i t y  i n  t h e  s l o w  exp los ive .  However, t he  h i g h e r  
de tona t ion  v e l o c i t y  of t h e  fas t  exp los ive ,  combined wi th  t he  

changing contour  of t h e  i n t e r f a c e  between t h e  f a s t  and s l o w  
e x p l o s i v e s ,  produces a cont inuous ly  t i l t i n g  wave f r o n t  (phased 
de tona t ion  wave) i n  t h e  s l o w  exp los ive .  A s  a r e s u l t ,  t h e  p i s t o n  
formed by the c o l l a p s e  of the b a r r e l  beg ins  t o  accelerate. The 

phase v e l o c i t y  of t h e  l e n s  can be c o n t r o l l e d  t o  provide  any 
desired a c c e l e r a t i o n  h i s t o r y  i n  the  second s t a g e ,  i n c l u d i n g  a 
cons tan t -base-pressure  launch cyc le .  The e x p l o s i v e  l e n s  i s  a 
p r e d i c t a b l e  technique f o r  producing phased de tona t ion  waves for 
second-stage augmentation schemes. I t  can be  used as an i n -  
c o n t a c t  e x p l o s i v e  t o  d i r e c t l y  c o l l a p s e  a launcher  bar re l ,  o r  it 
can be used t o  launch a phased f l y e r  p l a t e  which i n  t u r n  impacts 
the barrel .  I n i t i a l  e f f o r t s  i n  t h i s  program as i n  prev ious  
programs, used t h e  former approach. 

Under Con t rac t  NAS 2-4903,  t h e  problem of o b t a i n i n g  complete 
ba r r e l  c o l l a p s e  w a s  i d e n t i f i e d ,  Several two-stage launchers  w e r e  
f i r e d ,  having vary ing  l e n s  designs (bo th  symmetric and asymmetric) : 
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F a s t  
explosive component 

Lens 

Note: Detonation v e l o c i t y  along t h e  o u t s i d e  of t h e  tube i s  cons tan t  
from A t o  B and inc reases  uniformly from B t o  C.  

a. I n i t i a l  Configurat ion 

.os i v e  

/ 
Driver  gas P r o j e c t i l e  i n j e c t e d  i n t o  t h e  l e n s  a t  

v e l o c i t y  g r e a t e r  than t h e  de tona t ion  velo-. 
c i t y  of  the "slow" explos ive  

b. Lens i n  Operat ion 

Figure 7 Operation of an explosive lensing system. 
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however, complete b a r r e l  c o l l a p s e  w a s  n o t  observed. Each of 
these l e n s  des igns  u t i l i z e d  ni t romethane i n  c o n t a c t  w i t h  the 
barrel ,  r e l y i n g  on t h e  h igh-pressure  de tona t ion  products  t o  
c o l l a p s e  t h e  bar re l .  Having i d e n t i f i e d  incomplete barrel  col- 
l a p s e  as a l i m i t i n g  f a c t o r  i n  o b t a i n i n g  h igh  veloci t ies ,  the  

p r e s e n t  program concen t r a t ed  i t s  effor ts  on s t u d y i n g  and f i n d i n g  
s o l u t i o n s  t o  t h e  b a r r e l - c o l l a p s e  problem. 

Two d i s t i n c t  phenomena were con jec tu red  as b e i n g  p o s s i b l e  
causes  of incomplete c o l l a p s e .  High p r e s s u r e  i n  t h e  b a r r e l ,  
r e s u l t i n g  from an a u x i l i a r y  pump c y c l e  o r  f r o m  choking of t he  

gas f l o w  as the  barrel  begins  t o  c o l l a p s e ,  could conce ivably  
p reven t  c l o s u r e .  T h i s  mechanism i s  on ly  dependent upon one- 
dimensional  gasdynamic i n t e r a c t i o n s  and therefore should  be  
c a l c u l a b l e  w i t h  t h e  GANGPOD computed code. The second phenomena 
cons idered  t o  p reven t  b a r r e l  c l o s u r e  i s  the i n t e r a c t i o n  of 
boundary l a y e r  gases  wi th  t h e  c o l l a p s e  p rocess .  T h i s  phenomena 
i s  n e c e s s a r i l y  of  a two-dimensional n a t u r e  and i s  n o t  c a l c u l a b l e  
us ing  GANGPOD. A matched c a l c u l a t i o n  and experiment w e r e  con- 
ducted i n  an a t t empt  t o  d i s t i n g u i s h  between these t w o  p o s s i b l e  
mechanisms. 

3 . 1  PERFORMANCE CALCULATION 

A complete GANGPOD c a l c u l a t i o n  of t h e  two-stage launcher  w a s  
performed, i n c l u d i n g  s t a r t u p  of t h e  second-stage l e n s .  T h e  

exp los ive  w a s  i n i t i a t e d  a t  t h e  a p p r o p r i a t e  t i m e  fo r  l e n s  s t a r t u p .  
The c a l c u l a t i o n  w a s  run s u f f i c i e n t l y  long  t o  i n c l u d e  t h e  c o l l a p s e  
of t h e  bar re l  and t h e  concur ren t  i n t e r a c t i o n  w i t h  t h e  gas  f l o w  
behind t h e  p r o j e c t i l e .  A s  a n t i c i p a t e d ,  t h e  choking and subsequent  
s t a g n a t i o n  of the gas f l o w  by t h e  c o l l a p s i n g  bar re l  produced a 
s i g n i f i c a n t  p r e s s u r e  i n c r e a s e  behind the i n i t i a l  c o l l a p s e  p o i n t .  
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Figures  8 and 9 p r e s e n t  calculated p r e s s u r e  and w a l l  p r o f i l e s  
a t  t w o  d i f f e r e n t  t i m e s .  F igure  8 r e p r e s e n t s  c o n d i t i o n s  c o i n c i d e n t  
wi th  t h e  i n i t i a t i o n  of t h e  exp los ive  sur rounding  t h e  b a r r e l  * 
E i g h t  microseconds l a te r ,  t h e  i n i t i a l  barrel  c o l l a p s e  i s  complete 
and t h e  second-stage p i s t o n  has  formed. Th i s  s i t u a t i o n  i s  shown 
i n  F igure  9 .  A reg ion  of h igh-pressure  gas  now e x i s t s  bo th  i n  
f r o n t  of (mostly due t o  convergence) and behind t h e  c o l l a p s e  
r eg ion .  However, t h e  c a l c u l a t i o n  i n d i c a t e d  t h a t  it i s  p o s s i b l e  
wi th  t h e  p r e s e n t  gasdynamic launch c y c l e  t o  c o l l a p s e  t h e  b a r r e l  
and form an e f f e c t i v e  second-stage p i s t o n .  Subsequent t o  t h i s  
c a l c u l a t i o n  a two-stage launcher  w a s  designed and f a b r i c a t e d ,  
i n c o r p o r a t i n g  as n e a r l y  as p o s s i b l e  t h e  s a m e  des ign  and t iming  
a s  t h e  GANGPOD c a l c u l a t i o n .  The s h o t  w a s  i n t ended  t o  confirm 
o r  deny the GANGPOD b a r r e l - c o l l a p s e  c a l c u l a t i o n .  

3.2 TWO-STAGE LAUNCHER EXPERIMENTS 

3 .2 .1  Shot  245-2. Shot  245-2 w a s  t h e  f i r s t  two-stage 
launcher  i n  t h e  p r e s e n t  program. The s h o t  w a s  in tended  t o  v e r i f y  
t h e  second-stage des ign  concepts  r e s u l t i n g  from t h e  GANGPOD 

c a l c u l a t i o n s .  The f i r s t  s t a g e  of t h e  launcher  w a s  i d e n t i c a l  t o  
t h a t  o f  s h o t  245-1, so t h a t  t h e  p r o j e c t i l e - a c c e l e r a t i o n  t ra jec-  
t o r y  and t iming  w e r e  known. The o u t s i d e  d iameter  of t h e  bar re l  
w a s  t ape red  from t h e  breech t o  t h e  muzzle, such t h a t  t h e  w a l l  
t h i ckness  decreased  l i n e a r l y  from 3/16 inch  t o  1/16 inch .  The 
dec reas ing  w a l l  t h i c k n e s s  should a l l o w  easier and more r a p i d  
b a r r e l  c o l l a p s e  as t h e  e f f e c t i v e  r a t io  of e x p l o s i v e  and w a l l  
mass (C/M) i s  inc reased .  A decrease  i n  t h e  c o l l a p s e  t i m e  w i l l  
h e l p  t o  o f f s e t  t h e  lengthening  of t h e  c o l l a p s e  r eg ion  due t o  t h e  
phased de tona t ion  v e l o c i t y .  
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F i g u r e  8 W a l l  and p r e s s u r e  p r o f i l e s  a t  t = 2 1 . 2  p s e c  from 
GANGPOD 245-33. 
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F i g u r e  9 Wall and pressure pro f i l e s  at t = 29.2 p s e c  from 
GANGPOD 245-33. 
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The e x p l o s i v e  l ens  employed a somewhat d i f f e r e n t  conf igura-  
t i o n  and i n i t i a t i o n  technique .  The main ni t romethane reservoir 
w a s  a Luc i t e  tube, phased by t w o  opposing symmetric f i n s .  The 

i n i t i a t i o n  end  of each f i n  w a s  f a b r i c a t e d  t o  conform t o  t h e  
d e s i r e d  de tona t ion - f ron t  contour  a t  l e n s  s t a r t u p .  A l i n e  wave 
i n i t i a t o r  provided s imultaneous i g n i t i o n  of t h e  d e s i r e d  contour .  
T h i s  i n i t i a t i o n  technique  d i d  n o t  r e q u i r e  a long  run-in d i s t a n c e  
t o  f o r m  t h e  correct wavefront  and the reby  minimized t iming  re- 
quirements .  The programmed l e n s  a c c e l e r a t i o n  w a s  from 6 . 3  t o  
13.4 km/sec over 60 c m .  T h i s  a c c e l e r a t i o n  corresponds t o  a 
uniform 5-kbar base p r e s s u r e  a c t i n g  on a 0.317-cm-thick magnesium- 
l i t h i u m  p r o j e c t i l e .  T h e  l e n s  t iming  w a s  chosen t o  al low 5 c m  of 
gas between t h e  de tona t ion  wave and p r o j e c t i l e  a t  s t a r t u p .  

The i d e a l  p r o j e c t i l e  v e l o c i t y  for t h i s  launcher ,  assuming 
idea l  pickup cond i t ions  and complete b a r r e l  c o l l a p s e ,  i s  13  km/sec. 
A v a r i a t i o n  i n  v e l o c i t y  of f 1 km/sec can be a n t i c i p a t e d  f r o m  
s l i g h t  d e v i a t i o n s  i n  pickup cond i t ions .  Larger  v e l o c i t y  v a r i a -  
t i o n s  would i n d i c a t e  t ha t  t h e  second s t a g e  d i d  n o t  f u n c t i o n  as 
designed.  

T h e  p r o j e c t i l e  w a s  launched t o  a v e l o c i t y  of 10 .9  km/sec,  

determined f r o m  range s w i t c h  data,  s t r e a k i n g  camera record, and 
pulsed  rad iographs .  The X-rays, shown i n  F igure  1 0 ,  i n d i c a t e  
t ha t  the p r o j e c t i l e  w a s  r o t a t i n g  i n  f l i g h t  and had a s m a l l  
fragment s e p a r a t i n g  from the main body. The l e n s  i n i t i a t e d  as 
programmed, a l though the de tona t ion  f r o n t  i n  the lower f i n s  w a s  
3 p s e c  behind t h e  upper f i n .  This  d i screpancy ,  caused by  the  

somewhat a w k w a r d  p o s i t i o n i n g  of the l i n e  wave i n i t i a t o r s ,  i s  
thought t o  have n o t  s e r i o u s l y  a f f e c t e d  the launcher  performance. 
The l e n s  appeared e f f e c t i v e  i n  t r a p p i n g  g a s ,  as an e s t i m a t e d  7 c m  
of gas  s e p a r a t e d  t h e  c o l l a p s e  and p r o j e c t i l e  a t  t h e  end of the 

l ens .  However, t h i s  r e s u l t  i s  i n c o n s i s t e n t  w i t h  t h e  l o w  p r o j e c -  
t i l e  v e l o c i t y .  
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Figure 10 Pulsed radiograph of projectile travelling at 
10.9 km/sec, Shot 245-2. 
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The launcher  barrel  w a s  recovered  and s e c t i o n e d  t o  determine 
t h e  e x t e n t  of c o l l a p s e .  The maximum w a s  achieved a t  t h e  breech 

end  of t h e  barrel  and amounted t o  a 55-percent r e d u c t i o n  i n  t h e  

i n s i d e  diameter of t he  bar re l ,  T h e  c o l l a p s e  became p r o g r e s s i v e l y  
less towards the muzzle. A 10-percent r educ t ion  i n  i n s i d e  dia-  

m e t e r  w a s  observed 30 c m  from the breech. The  t a p e r e d  bar re l  
w a l l  w a s  appa ren t ly  n o t  h e l p f u l  i n  ach iev ing  more complete bar re l  
c o l l a p s e .  

A p o s s i b l e  e x p l a n a t i o n  f o r  t h e  e a r l y  a r r i v a l  and low v e l o c i t y  
of the p r o j e c t i l e  observed i n  t h i s  s h o t  i s  t h a t  t h e  p r o j e c t i l e  
underwent a fas ter  than  a n t i c i p a t e d  e a r l y  a c c e l e r a t i o n .  P ro -  

ject i le  m a s s  e r o s i o n  has t h e  e f fec t  of dec reas ing  the t h i c k n e s s  
( l e n g t h )  of the p r o j e c t i l e ,  which w i l l  i n c r e a s e  t h e  a c c e l e r a t i o n  
caused by a 5-kbar base  p re s su re .  Previous  computer c a l c u l a t i o n s  
showed t h a t  l o w  v e l o c i t i e s  r e s u l t e d  from systems where the  

i n i t i a l  p r o j e c t i l e  a c c e l e r a t i o n  i s  f a s t e r  than  t h e  programmed 
l e n s  a c c e l e r a t i o n .  

I t  w a s  concluded t h a t  the s h o t  w a s  a v a l i d  t e s t  of t h e  
second-stage c o l l a p s e  p rocess ,  d e s p i t e  t h e  s m a l l  'error i n  t iming  
of the l o w e r  f i n .  I t  seemed u n l i k e l y  t h a t  f u r t h e r  changes i n  
o p e r a t i n g  c o n d i t i o n s  would s i g n i f i c a n t l y  a l t e r  t h e  exper imenta l  
r e s u l t s .  The base p r e s s u r e  a g a i n s t  which the bar re l  i s  a t tempt-  
i n g  t o  c o l l a p s e  i s  a l r eady  s m a l l  compared t o  de tona t ion  p r e s s u r e s ,  
and t h e  r a t i o  of exp los ive  t o  w a l l  t h i c k n e s s  f o r  t h e  l e n s  and 
bar re l  is  e s s e n t i a l l y  i n f i n i t e .  Obviously,  an impor tan t  pheno- 
menon n o t  accounted for  i n  t h e  code c a l c u l a t i o n s  e x i s t s  and 
p reven t s  complete barrel  c o l l a p s e .  Boundary-layer growth behind 
the p r o j e c t i l e  i s  one phenomenon n o t  accounted for  which has  been 
presumed t o  i n t e r f e r e  w i t h  t h e  c o l l a p s e  process .  However, b e f o r e  
t r y i n g  t o  overcome t h e  c o l l a p s e  problem, i t  was decided  t o  e x p l o r e  
t h e  degree of augmentation achievable  w i t h  the p r e s e n t  system. 
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3 .2 .2  Shot 245-3. The o b j e c t i v e  of t h i s  s h o t  w a s  t o  
determine whether s i g n i f i c a n t  v 'e loci ty  augmentation could be 

r e a l i z e d  w i t h  only  p a r t i a l  b a r r e l  collapse. ,  T h e  launcher ,  shown 
i n  F igure  11, w a s  n e a r l y  i d e n t i c a l  t o  t h a t  used i n  s h o t  245-2; 
however, s o m e  mod i f i ca t ions  w e r e  made i n  t h e  l e n s  des ign  and 
ope ra t ion .  The programmed a c c e l e r a t i o n  was from 6.5 t o  1 4 . 4  
km/sec ove r  60 c m .  Th i s  i nc reased  a c c e l e r a t i o n  was chosen t o  
match t h a t  experienced by an eroded p r o j e c t i l e  w i t h  a 5 kbar  
base  p r e s s u r e .  The i n i t i a t i o n  concept  w a s  maintained,  a l though 
t h e  l i n e  wave i n i t i a t o r s  w e r e  r ep laced  by m u l t i p o i n t  i n i t i a t i o n ,  
f i v e  d e t o n a t o r s  being used on each f i n .  The l a t t e r  technique  
g r e a t l y  s i m p l i f i e d  s h o t  s e t u p  and improved s i m u l t a n e i t y  between 
t h e  f i n s .  

F igure  11 T e s t  s e t u p ,  s h o t  245-3. 
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The s h o t  w a s  f i r e d ,  and a l l  p i n  d i a g n o s t i c s  and range 
swi tches  r epor t ed .  The data i n d i c a t e d  t h a t  t h e  d r i v e r  and l e n s  
func t ioned  i d e a l l y ,  a l though the  X-rays showed no p r o j e c t i l e  
and t h e  ta rge t  w a s  only p i t t e d .  Range swi tch  d a t a  i n d i c a t e d  
t h a t  a very s m a l l  p a r t i c l e  emerged from t h e  muzzle and w a s  
r a p i d l y  d e c e l e r a t e d  by aerodynamic d rag  f o r c e s .  The p a r t i c l e  
s i z e  w a s  below t h e  r e s o l u t i o n  of  t h e  X-ray system. 

It w a s  concluded t h a t  t h e  p r o j e c t i l e  w a s  run ove r  by t h e  
de tona t ion ,  a l lowing  only  a s m a l l  fragment t o  e x i t  t h e  muzzle. 
The i m p l i c a t i o n  o f  t h i s  r e s u l t  is  t h a t  a p a r t i a l  c o l l a p s e  o f  

t h e  b a r r e l  i s  not  capable  o f  s i g n i f i c a n t l y  augmenting p r o j e c t i l e  
v e l o c i t y .  I t  appears  l i k e l y  t h a t  t h e  p r i n c i p l e  e f f e c t  o f  t h e  
exp los ive  l e n s  i s  t o  conf ine  and t o  provide  a l i m i t e d  pumping 
a c t i o n  on t h e  b a r r e l .  This c o n j e c t u r e  i s  also c o n s i s t e n t  w i t h  

t h e  r e s u l t s  o f  t h e  s h o t s  f i r e d  under t h e  prev ious  program, i n  
which t h e  l e n s  t y p i c a l l y  provided a 2 km/sec v e l o c i t y  b o o s t ,  
r e g a r d l e s s  of programmed l e n s  a c c e l e r a t i o n .  I f  t h e  role o f  t h e  

l e n s  i s  simply confinement and pumping, t h e  d e t a i l s  of t h e  
phased a c c e l e r a t i o n  are unimportant as long as t h e  d e t o n a t i o n  
does no t  ove r t ake  t h e  p r o j e c t i l e .  

T h e  primary conclus ions  from t h e s e  t w o  s h o t s  are t h a t  t w o -  
dimensional gasdynamic e f f e c t s  p reven t  b a r r e l  c o l l a p s e  and t h a t  

p a r t i a l  b a r r e l  c o l l a p s e  i s  n o t  capable  of  s i g n i f i c a n t l y  
augmenting p r o j e c t i l e  v e l o c i t y .  These r e s u l t s  i n d i c a t e d  a need 
t o  i n v e s t i g a t e  t h e  phenomenon p reven t ing  b a r r e l  c o l l a p s e .  
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SECTION 4 
BARREL COLLAPSE CONSI  DERATIONS 

The i n i t i a l  two-stage launcher  experiments  demonstrated t h e  
i n a b i l i t y  of t h e  exp los ive  l e n s  t o  c o l l a p s e  a b a r r e l  c o n t a i n i n g  
flowing high-energy gas .  T o  confirm t h e  c o n j e c t u r e  t h a t  t h e  
dynamics of t h e  gas  are r e s p o n s i b l e  f o r  p reven t ing  c o l l a p s e ,  a 
s h o t  w a s  designed i n  which t h e  exp los ive  l e n s  o p e r a t i o n  could be 

observed wi thout  t h e  presence of h igh-pressure  or h igh-ve loc i ty  
gas flow. 

4 . 1  EXPLOSIVE LENS SHOTS 

4 . 1 . 1  Sho t  245-4. The purpose of s h o t  245-4 w a s  t o  observe 
the  e f f e c t i v e n e s s  of t h e  exp los ive  l e n s  i n  c o l l a p s i n g  a b a r r e l  
wi thout  h igh-pressure  or h igh -ve loc i ty  gas  flow. A l e n s  and 
b a r r e l  i d e n t i c a l  t o  t h a t  i n  s h o t  245-3 w e r e  used. The b a r r e l  w a s  
f l u shed  with hel ium a t  1 atmosphere. A B&W Model 189  framing 
camera monitored t h e  l ens  o p e r a t i o n .  

The camera reco rd  from t h e  s h o t  i n d i c a t e d  t h a t  t h e  l e n s  
func t ioned  f l a w l e s s l y ,  wi th  t h e  i n t e r s e c t i o n  of t h e  phased deto-  
n a t i o n  waves f r o m - t h e  upper and lower f i n  occur r ing  on t h e  cen te r -  
l i n e  of t h e  b a r r e l .  F igure  12 shows f i v e  selected frames, spaced 
a t  2 0 - p s e c  i n t e r v a l s .  The v e r t i c a l  l i n e s  on t h e  upper and l o w e r  
f i n s  s e r v e  as 10-cm g r i d  markers.  The de tona t ion  propagates  f r o m  
l e f t  t o  r i g h t  and i s  v i s i b l e  as t h e  b r i g h t  f r o n t  on t h e  photo- 
graphs.  The b a r r e l  w a s  recovered and s e c t i o n e d ,  and showed 
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Figure 12 Selected frames at 20 usec intervals from framing 
camera record, Shot 245-4. 
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complete c o l l a p s e  f o r  t h e  f i rs t  3 1  t ube  d i ame te r s ,  a f t e r  which a 
h o l e  i n  t h e  c e n t e r  of the b a r r e l  grew p r o g r e s s i v e l y  larger. T h i s  

behavior  has a lso been observed i n  d r i v e r  p r e s s u r e  tubes (Refer-  
ence 2 ) ,  where it has  n o t  been p o s s i b l e  t o  e x p l o s i v e l y  c o l l a p s e  
a r b i t r a r i l y  long l e n g t h s  of tub ing .  I n  p r e s s u r e  tubes ,  t h i s  

e f fec t  has been c o r r e l a t e d  f a i r l y  w e l l  w i t h  boundary l a y e r  growth. 

Conclusions f r o m  t h e  experiment are t h a t  t h e  f l o w  dynamics 
( i n c l u d i n g  boundary l a y e r )  prevent  t h e  i n i t i a l  barrel  c o l l a p s e  i n  
a two-stage launcher  and t h a t  boundary l a y e r  growth i s  r e s p o n s i b l e  
for  t h e  i n c r e a s i n g  s i z e  of t h e  c e n t e r  ho le  i n  long barrels. The 

r e s u l t s  from this and t h e  prev ious  experiments  r e q u i r e  t h a t  a 
technique be developed t o  c o l l a p s e  t h e  b a r r e l  d e s p i t e  t h e  presence  
of a boundary l a y e r .  

I t  i s  i n s t r u c t i v e  t o  c o n s i d e r  a p o s s i b l e  i n t e r a c t i o n  between 
t h e  boundary l a y e r  and the c o l l a p s i n g  barrel .  From a frame of 
r e fe rence  t r a v e l i n g  w i t h  t h e  de tona t ion  v e l o c i t y ,  t h e  t rapped  gas 
ahead of the e x p l o s i v e l y  formed p i s t o n  appears  a t  rest .  T h e  w a l l s  
of the bar re l ,  however, move i n t o  t h e  c o l l a p s e  r eg ion  a t  t h e  deto-  
na t ion  v e l o c i t y .  Assuming a s imple model, i n  which t h e  boundary- 
l a y e r  gas  i s  moving toward t h e  p i s t o n  w i t h  t h e  w a l l  v e l o c i t y  and 
has  t h e  same d e n s i t y  as t h e  free stream gas ,  w e  can estimate t h e  

s t a g n a t i o n  p r e s s u r e  of t h e  boundary-layer gas. T h i s  p r e s s u r e  must 
be overcome by the c o l l a p s i n g  w a l l s  i n  o r d e r  t o  s t a g n a t e  t h e  

boundary-layer gases  f lowing i n t o  t h e  c o l l a p s e  reg ion .  For con- 
d i t i o n s  a p p r o p r i a t e  t o  s t a r t u p  of t h e  second s t a g e ,  l e t :  

- 2  3 
P = 5 kbar, u = 6.5 km/sec and p = 2 . 1  x 10 grams/cm 
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2 The s t a g n a t i o n  p r e s s u r e  a s s o c i a t e d  w i t h  t h i s  f l o w  i s  P + p u  , 
approximately 14 kbar .  I n  a d d i t i o n ,  convergence and v iscous  
effects w i l l  s i g n i f i c a n t l y  i n c r e a s e  t h e  p r e s s u r e  n e a r  t h e  c o l l a p s e  
p o i n t .  The r e s u l t i n g  p r e s s u r e  levels of  several t e n s  of k i l o b a r s  
become comparable t o  t h e  volume burn p r e s s u r e  of ni t romethane 
( 5 7  kbar)  and can have a large i n f l u e n c e  on t h e  c o l l a p s e  p rocess .  
I t  i s  d e s i r a b l e  t o  gene ra t e  c o l l a p s e  p r e s s u r e s  i n  t h e  b a r r e l  very 
much l a r g e r  than  t h e  opposing gasdynamic e f f e c t s .  In -con tac t  
e x p l o s i v e s ,  however, cannot  main ta in  s u f f i c i e n t l y  h igh  p r e s s u r e s .  

4.1.2 Sho t  245-5, F l y e r  P l a t e  Impact. A technique t h a t  can 
6 gene ra t e  b a r r e l  p r e s s u r e s  of up t o  1 Mbar ( 1 0  atmospheres) i s  

t o  e x p l o s i v e l y  accelerate a m e t a l  f l y e r  p l a t e ,  which subsequent ly  
impacts t h e  b a r r e l .  The h i g h  energy-densi ty  of t h e  f l y e r  p l a t e  
produces very h igh  p r e s s u r e s  upon impact.  A phased impact t r a -  
j e c t o r y  can be ob ta ined  by a c c e l e r a t i n g  t h e  f l y e r  p l a t e  w i t h  an 
exp los ive  l e n s  system. This  technique  has  been termed an impact 
l e n s .  

Shot  245-5 w a s  t h e  f irst  a t t empt  t o  c o l l a p s e  a b a r r e l  u s ing  
% 

the impact technique .  A phased e x p l o s i v e  system w a s  used t o  
accelerate a 1 6 - c m - w i d e  by 60-cm-long by 0.635-cm-thick s teel  
f l y e r  p l a t e .  The e x p l o s i v e - f l y e r  p l a t e  system had a C/M of 2 
and w a s  des igned  t o  accelerate t h e  p l a t e  t o  1 . 7  km/sec. A plane-  
wave impact stress of 360 kbar  i s  produced i n  t h e  b a r r e l  a t  t h i s  
impact v e l o c i t y .  An impact l ens  w a s  l o c a t e d  on bo th  t h e  t o p  and 
bottom s i d e s  of t h e  b a r r e l ,  wi th  t h e  f l y e r  p l a t e s  producing a 
v e r t i c a l l y  symmetric impact.  Each f l y e r  p l a t e  had a 3.5-cm 
s t a n d o f f  from t h e  b a r r e l .  The volume between t h e  p l a t e s  w a s  
f l u s h e d  wi th  helium. Each l e n s  w a s  phased from 6 .3  t o  14.4 km/ 
sec. F igure  1 3  shows t h e  l e n s  and b a r r e l  ready f o r  f i r i n g .  
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Figure  13 T e s t  setupI Shot 245-5. 
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The s h o t  w a s  m o s t  s u c c e s s f u l ,  having  c o l l a p s e d  t h e  barrel  

for  t h e  e n t i r e  60-cm l eng th  o f  t h e  l e n s ,  S e c t i o n i n g  t h e  ends of  
t h e  recovered b a r r e l  r e v e a l e d  t h a t  even t h e  muzzle end w a s  com-  
p l e t e l y  s e a l e d .  This s h o t  w a s  t h e  f i r s t  b a r r e l  o r  p r e s s u r e  tube  
t o  be  c o l l a p s e d  f o r  95  tube diameters. The c e n t r a l  p o r t i o n  of 
t h e  b a r r e l  w a s  f l a t t e n e d  and shredded,  appear ing  t o  have co l l apsed  
and rebounded open. The impact stresses are presumably h i g h e r  i n  
t h i s  reg ion  where end effects do n o t  decrease t h e  f l y e r  p l a t e  
v e l o c i t y .  Lens ope ra t ion  w a s  observed on a B&W Model 1 8 9  framing 
camera. The f l y e r  p l a t e  impact t r a j e c t o r y  w a s  monitored by a 
r e s i s t a n c e  w i r e  running a long  t h e  l e n g t h  o f  t h e  b a r r e l .  These 
d i a g n o s t i c s  provided d a t a  on p l a t e  a c c e l e r a t i o n  t i m e .  A photo- 
graph of t h e  recovered b a r r e l  i s  p r e s e n t e d  i n  F igure  1 4 .  The 
lower t w o  s e c t i o n s  of b a r r e l  w e r e  l o c a t e d  between t h e  t w o  f l y e r  
p l a t e s .  The upper s e c t i o n  i s  t h e  muzzle p o r t i o n  which extended 
beyond t h e  impact reg ion .  Po r t ions  of t h e  b a r r e l  nea r  t h e  breech 
and muzzle w e r e  s e c t i o n e d  t o  v e r i f y  complete c l o s u r e .  

The s i g n i f i c a n t  r e s u l t  of t h i s  s h o t  i s  t h a t  a new technique  
w a s  demonstrated t o  be f a r  more effective than  in -con tac t  explo-  
s i v e s  i n  c o l l a p s i n g  tub ing .  This r e s u l t  s t e m s  from t h e  h i g h e r  
energy d e n s i t y  a t t a i n a b l e  i n  a f l y e r  p l a t e .  I n  a d d i t i o n  t o  be ing  
capable  of  c o l l a p s i n g  longer  l e n g t h s  of  bar re l ,  t h e  h i g h e r  energy 
d e n s i t y  of t h e  impact l e n s  technique should  a l l o w  t h e  a t t a i n m e n t  
of h i g h e r  phase v e l o c i t i e s  than an i n - c o n t a c t  exp los ive  system, as 
h i g h e r  c o l l a p s e  veloci t ies  are a t t a i n a b l e .  The c r i t i c a l  t es t  of 
t h e  technique,  however, l i e s  i n  i t s  e f f e c t i v e n e s s  a t  c o l l a p s i n g  
barrels c o n t a i n i n g  h igh-pressure  and h igh -ve loc i ty  gas .  

4 .2  LAUNCHER EXPERIMENTS U T I L I Z I N G  IMPACT TECHNIQUE 

4 . 2 . 1  Shot  245-6. The f irst  test of t h e  impact l e n s  as a 

second-stage augmentation technique on a launcher  w a s  s h o t  2 45-6. 
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Figure 14 Recovered barrel from impact lens, Shot 245-5. 
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The l ens  des ign  s u c c e s s f u l l y  f i r e d  i n  s h o t  245-5 w a s  u t i l i z e d  i n  
conjunct ion  wi th  t h e  b a s i c  launcher  des ign  from previous  sho t s .  

Timing data ( i n  p a r t i c u l a r ,  p l a t e  a c c e l e r a t i o n  t i m e )  w a s  ob ta ined  
f r o m  s h o t  245-5. This  i n i t i a l  t es t  of t h e  impact l e n s  wi th  a 
launcher  w a s  in tended  p r i m a r i l y  t o  determine e f f e c t i v e n e s s  i n  
c o l l a p s i n g  t h e  b a r r e l .  Of secondary importance w a s  t h e  cond i t ion  
and v e l o c i t y  of  t h e  p r o j e c t i l e .  I f  t h e  l e n s  w e r e  t o  c o l l a p s e  t h e  
b a r r e l  under dynamic cond i t ions  t h e  impact t r a j e c t o r y  can t h e n  be 
modified t o  opt imize p r o j e c t i l e  v e l o c i t y .  F igu re  15 p r e s e n t s  a 
photograph of  t h e  launcher  a t  t h e  completion of  f a b r i c a t i o n .  The 
second-stage l e n s  i s  comprised of t w o  i d e n t i c a l  though independent  
phasing systems and f l y e r  p l a t e s .  Nitromethane w a s  used as t h e  
s l o w  exp los ive  and Detasheet  as t h e  f a s t  e x p l o s i v e .  F ive  R P - 1  

de tona to r s  w e r e  used t o  i n i t i a t e  each l e n s  and provided e x c e l l e n t  
s i m u l t a n e i t y  between t h e  t w o  phasing f i n s .  

The p r o j e c t i l e  w a s  n o t  launched i n t a c t ,  a l though a fragment 
d i d  emerge a t  1 1 . 2  km/sec.  Of p a r t i c u l a r  i n t e r e s t  w a s  t h e  con- 
d i t i o n  o f  t h e  b a r r e l .  A s  shown i n  F igu re  1 6 ,  t h e  b a r r e l  w a s  
sprung open a t  t h e  breech end ,  y e t  completely closed toward t h e  

muzzle end. I t  i s  presumed from i t s  f l a t t e n e d  appearance t h a t  
t h e  b a r r e l  had c losed  upon impact and then  rebounded t o  i t s  
p r e s e n t  p o s i t i o n .  Toward the muzzle, however, t h e  C/M decreased  
somewhat and end e f f e c t s  tended t o  reduce t h e  impact v e l o c i t y .  I n  
t h i s  reg ion  t h e  b a r r e l  i s  m o r e  l i k e l y  t o  remain co l l apsed .  The 
severe bend i n  t h e  b a r r e l  i s  thought t o  have been caused by t h e  

c o l l a p s i n g  b a r r e l  ove r t ak ing  t h e  p r o j e c t i l e .  An en la rged  view 
of t h e  muzzle end, a long  wi th  a c e n t i m e t e r  scale,  i s  shown i n  
F igure  1 7 .  The b a r r e l  has  been s e c t i o n e d  t o  a l l o w  t h e  cross-  
s e c t i o n  t o  be examined i n  t h e  v i c i n i t y  of t h e  p r o j e c t i l e  over- 
run .  The c o l l a p s e  w a s  found t o  be  complete on t h e  upstream s i d e  
of t h e  ove r t ake  p o i n t .  
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Figure  1 5  Shot  245-6,  t h e  f i r s t  launcher  employing an  
impact l e n s .  
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Figure 16 Recovered barrel from Shot 245-6. 

Figure 17 Enlarged view of muzzle end of recovered barrel, 
Shot 245-6. 
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The impact technique a p p a r e n t l y  w a s  s u c c e s s f u l  i n  c o l l a p s i n g  
t h e  barrel  d e s p i t e  the dynamics of t h e  gas flow behind the pro- 
ject i le .  Although the complete l eng th  of b a r r e l  w a s  n o t  perma- 
nen t ly  co l l apsed ,  t h e  muzzle end w a s  completely sealed. Based on 
previous  expe r i ence  t h e  muzzle i s  t h e  m o s t  d i f f i c u l t  p a r t  of t h e  
b a r r e l  t o  c o l l a p s e .  The appearance of t h e  breech end of t h e  
b a r r e l  w a s  t h a t  it had i n i t i a l l y  c l o s e d  and subsequent ly  rebounded 
open. 

Analysis  of t h e  second-stage t r a j e c t o r y  d a t a  i n d i c a t e d  t h a t  
the de tona t ion  wave a r r iva l  a t  the s tee l  f l y e r  p l a t e  w a s  c o r r e c t l y  
t i m e d  and phased from 6.3 t o  14.4 km/sec over  a d i s t a n c e  of 6 0  c m .  
However, the f l y i n g  t i m e  of  t h e  p l a t e  (de f ined  as the t i m e  i n t e r v a l  
between de tona t ion  wave a r r i v a l  and barrel  impact a t  a given p o i n t  
a long the l e n s )  v a r i e d  from 33 p s e c  a t  t h e  breech t o  27 p s e c  n e a r  
t h e  muzzle end  of t h e  l e n s .  Consequently,  t h e  ba r r e l  impact p o i n t  
a c c e l e r a t e d  more r a p i d l y  than  t h e  p r o j e c t i l e  and t h e  p r o j e c t i l e  
w a s  overrun by the  bar re l  c o l l a p s e .  T h e  variable a c c e l e r a t i o n  
t i m e  r e s u l t e d  from the cont inuous ly  changing angle  between t h e  

phased de tona t ion  f r o n t  and the steel  f l y e r  p l a t e .  A s  t h i s  ang le  
decreases t h e  de tona t ion  wave approaches a normal r e f l e c t i o n  a t  
the f l y e r  p l a t e ,  which causes  a more r a p i d  p l a t e  a c c e l e r a t i o n .  
This e f f e c t  i s  c a l c u l a b l e  and can be accounted f o r  i n  t h e  t iming  
and des ign  of phased f l y e r  p l a t e  systems. 

4.2.2 Sho t  245-7. The nex t  s h o t  245-7 w a s  s i m i l a r  i n  des ign  
t o  245-6 e x c e p t  t h a t  t h e  l e n s  a c c e l e r a t i o n  w a s  reduced s l i g h t l y  
and t h e  t iming de layed  t o  b e t t e r  match t h e  a c c e l e r a t i o n  of the  

p r o j e c t i l e .  S t a r t i n g  a t  6.3 km/sec t h e  phased de tona t ion  accele- 
r a t e d  t o  13.4 km/sec over  60 cm.  The d e t o n a t o r s  i n i t i a t i n g  the  
l ens  w e r e  t i m e d  such that  t h e  impact t r a j e c t o r y  i n c l u d i n g  t h e  
v a r i a t i o n  i n  p l a t e  f l y i n g  t i m e  w a s  c l o s e l y  matched t o  t h e  d e s i r e d  
p r o j e c t i l e  a c c e l e r a t i o n .  
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The p r o j e c t i l e  was launched to  9 .5  km/sec al though i t s  back 
s i d e  w a s  damaged. The  l e n s  t iming  o p e r a t e d  as programmed, as 

determined by s h o r t i n g  swi t ches  on t h e  b a r r e l  responding t o  p l a t e  
impact.  A s  i n  t h e  prev ious  s h o t ,  t h e  breech  end  o f  t h e  recovered 
bar re l  appeared t o  have been c o l l a p s e d  and rebounded open. The 
muzzle however w a s  completely c l o s e d  and r e t a i n e d  between t h e  t w o  
co l l apsed  f l y e r  p l a t e s .  The recovered f l y e r  p l a t e  and b a r r e l  
assembly w a s  s e c t i o n e d  and is shown i n  F igu re  18 .  N o t  o n l y  has  
the b a r r e l  been completely c o l l a p s e d ,  b u t  t h e  f l y e r  p l a t e s  are 
i n t e r m i t t e n t l y  bonded t o g e t h e r .  

Despi te  t h i s  impress ive  b a r r e l  c o l l a p s e ,  t h e  p r o j e c t i l e  
v e l o c i t y  w a s  r e l a t i v e l y  l o w  and the second s t a g e  provided only a 
s m a l l  v e l o c i t y  augmentation. The change i n  l e n s  t iming  and de- 
c reased  a c c e l e r a t i o n  i n  t h i s  s h o t  appa ren t ly  prevented  the pro- 
j ec t i l e  from be ing  overtaken by t h e  l e n s ,  however, t h e  second 
s t a g e  w a s  no more e f f e c t i v e  than i n  s h o t  245-6 .  The behavior  of  
t h e  launcher  i n  both i n s t a n c e s  i n d i c a t e s  t h a t  t h e  second-stage 
p i s t o n  leaks d r i v e r  gas  t o  t h e  e x t e n t  t h a t  t h e r e  i s  v i r t u a l l y  
no gas  t rapped  behind t h e  p r o j e c t i l e .  However, t h e  c o l l a p s e  
process  seems e f f e c t i v e  as evidenced by t h e  c losed  muzzle p o r t i o n  
of t h e  recovered b a r r e l s .  

A p o s s i b l e  mode of gas  leakage i s  t h a t  t h e  f l y e r  p l a t e  impact 
wi th  t h e  b a r r e l  causes  t h e  s i d e s  of  t h e  b a r r e l  t o  r u p t u r e  b e f o r e  
c o l l a p s e  can occur .  An estimate o f  t h e  t i m e  r e q u i r e d  t o  c o l l a p s e  
the b a r r e l  can be a t t a i n e d  from t h e  i n c i d e n t  f l y e r  p l a t e  v e l o c i t y  
of 0 . 1 7  c m / p s e c .  Assuming a p lane  wave impact (which admi t t ed ly  
i s  n o t  s t r i c t l y  v a l i d ,  b u t  i s  r e p r e s e n t a t i v e  of  t h e  phys ic s  and 
i s  e a s i l y  c a l c u l a b l e )  of a s tee l  f l y e r  p l a t e  on a s teel  b a r r e l ,  
t h e  i n n e r  w a l l  of  t h e  b a r r e l  w i l l  move inward wi th  t h e  c h a r a c t e r -  
i s t i c  free s u r f a c e  v e l o c i t y ,  which i s  e q u a l  t o  t h e  f l y e r  p l a t e  
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Figure  1 8  Recovered b a r r e l  i n t e g r a l  w i th  c o l l a p s e d  f l y e r  
p l a t e ,  Shot 245-7.  
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impact  v e l o c i t y .  F o r  complete c o l l a p s e  t o  occur  t h e  b a r r e l  w a l l  
ha s  t o  move inward a d i s t a n c e  of  one r a d i u s ,  which i s  0.317 c m .  
A t  a c o n s t a n t  v e l o c i t y  of 0 . 1 7  cm/psec ,  c o l l a p s e  should  occur  
approximately 2 vsec a f t e r  t h e  i n c i d e n t  impact  shock a r r i v e s  a t  
t h e  i n n e r  b a r r e l  w a l l .  For b a r r e l  r u p t u r e  t o  occur  w i t h i n  t h i s  
t i m e  scale, s imple i n e r t i a l  c o n s i d e r a t i o n s  r e q u i r e  i n t e r n a l  gas  
p r e s s u r e s  of  s e v e r a l  hundred k i l o b a r s .  The b a r r e l  w a l l  i s  too 
t h i c k  (0.635 c m )  t o  permi t  s i g n i f i c a n t  r a d i a l  expansion w i t h i n  
t h e  t i m e  scale of t h e  c o l l a p s e  p rocess .  However, an extremely 
complex i n t e r a c t i o n  of s t r o n g  shocks and r a r e f a c t i o n s  i s  produced 
i n  t h e  b a r r e l  w a l l s  by t h e  p l a t e  impact.  I t  i s  conce ivable  t h a t  
a p a r t i c u l a r  i n t e r a c t i o n  of  wave f r o n t s  tends  t o  spa11 o f f  t h e  
s i d e s  of t h e  b a r r e l ,  b e f o r e  c o l l a p s e  can be  achieved.  T o  deter- 
mine whether b a r r e l  r u p t u r e  does occur  du r ing  t h e  c o l l a p s e  
p rocess ,  a s h o t  w a s  des igned  wi th  p a r t i c u l a r  a t t e n t i o n  given t o  
observ ing  t h e  f l y e r  p l a t e  impact and subsequent  c o l l a p s e .  

4.2.3 Shot  245-8. The twofold purpose of  t h i s  s h o t  w a s  t o  
c r i t i c a l l y  observe t h e  bar re l  c o l l a p s e  p rocess  f o r  gas  leakage 
and t o  i n c r e a s e  the p r o j e c t i l e  v e l o c i t y  over  t h e  prev ious  s h o t  
by s l i g h t  changes i n  l e n s  t iming.  The launcher  and l e n s  des igns  
w e r e  n e a r l y  i d e n t i c a l  t o  s h o t  245-7. Modif ica t ions  of t h e  f l y e r  
p l a t e  s t a r t u p  and t h e  r e s e r v o i r  t o  b a r r e l  t r a n s i t i o n  w e r e  i n -  
c luded t o  prec lude  any chance of t h e  p r o j e c t i l e  be ing  damaged 
p r i o r  t o  a c c e l e r a t i o n  down t h e  b a r r e l .  A smooth c o n i c a l  s t e e l  
t r a n s i t i o n  between t h e  r e s e r v o i r  d iameter  and b a r r e l  e l i m i n a t e d  
any ab rup t  d i s c o n t i n u i t i e s  i n  w a l l  t h i c k n e s s  t h a t  could r u p t u r e  
and cause gas  leakage under s e v e r e  r a d i a l  expansion.  The f l y e r  
p l a t e  w a s  b e n t  t o  conform t o  t h e  c o n i c a l  shape and main ta in  t h e  
3.5-cm s t a n d o f f  d i s t a n c e  from t h e  r e s e r v o i r  as w e l l  as t h e  b a r r e l .  

The l e n s  o p e r a t i o n  w a s  observed by a framing camera. A 

square  s tee l  b a r  0.635 c m  on a s i d e  w a s  a t t a c h e d  a long  t h e  edge 
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of each f l y e r  p l a t e  t o  retard t h e  expansion of t h e  de tona t ion  
products  i n t o  t h e  camera view. Severa l  frames from t h e  r e s u l t i n g  
camera record are shown i n  F igu re  1 9 .  I n  t h e  f i r s t  frame, l e n s  
i n i t i a t i o n  has j u s t  occur red .  The s t r eaml ined  t r a n s i t i o n  between 
t h e  r e s e r v o i r  and barrel is  v i s i b l e  between t h e  upper and l o w e r  
impact l e n s e s .  I n  t h e  fo l lowing  t w o  frames, t h e  de tona t ion  and 
subsequent  p l a t e  a c c e l e r a t i o n  are v i s i b l e .  The l a s t  t w o  frames 
show l a r g e  q u a n t i t i e s  of  d r i v e r  gas l e a k i n g  from the c o l l a p s e  
r eg ion  of the  barrel. The s i d e s  of the  barrel appear  t o  s p l i t  
open as the  t w o  f l y e r  p l a t e s  c rush  t h e  barrel from t h e  top  and 
bottom. While it i s  e v i d e n t  t h a t  r u p t u r e  occur s ,  t h e  e x a c t  
mechanism cannot  be determined from t h i s  r eco rd .  The p r o j e c t i l e  
w a s  over run  by the  impact and d i d  not  emerge f r o m  t h e  muzzle, 
a l though a s m a l l  fragment t r a v e l i n g  a t  9 . 4  km/sec t r i p p e d  the  

range swi tches .  

T h i s  shot v e r i f i e d  t h a t  b a r r e l  r u p t u r e  a s s o c i a t e d  w i t h  t h e  

c o l l a p s e  process  i s  r e s p o n s i b l e  for  t h e  i n a b i l i t y  o f  t h e  impact 
lens t o  augment p r o j e c t i l e  v e l o c i t y .  ’ However, t h e  p r e c i s e  cause  
of barrel r u p t u r e  is not  known. Perhaps a two-dimensional 
computer c a l c u l a t i o n  of the  f l y e r  p l a t e  impacting t h e  barrel  

would r e v e a l  a p a r t i c u l a r  shock-wave r a r e f a c t i o n  i n t e r a c t i o n  
which can cause immediate barrel r u p t u r e .  

4 . 3  LENS CONCEPT, SHOT 245-9 

Regardless  o f  t h e  p r e c i s e  cause of barrel r u p t u r e ,  an 
obvious a t t e m p t  a t  a s o l u t i o n  i s  t o  use  a completely symmetric 
f l y e r  p l a t e ,  i .e .  a c o l l a p s i n g  tube. The c o l l a p s i n g  tube o f fe r s  
s e v e r a l  advantages over t h e  double-f l y e r - p l a t e  t echn ique ,  i n  
a d d i t i o n  t o  complete symmetry. F i r s t ,  convergence e f f e c t s  du r ing  
tube  c o l l a p s e  s e r v e  t o  i n c r e a s e  t h e  impact v e l o c i t y  and stress 
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Figure 19 Selected frames at 25 psec intervals from framing 
camera record, Shot  245-8. 
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l e v e l  over  t h a t  r e a d i l y  a t t a i n a b l e  wi th  a f l y e r  p l a t e .  Secondly,  
Phys ics  I n t e r n a t i o n a l  has  a vast  amount of  c a l c u l a t i o n a l  and 
exper imenta l  expe r i ence  concerning t h e  exp los ive  c o l l a p s e  of 
tubes. 

An experiment ( s h o t  245-9) w a s  des igned  and conducted t o  
tes t  t h e  e f f e c t i v e n e s s  of u s ing  a c o l l a p s i n g  tube  t o  impact and 
close o f f  a b a r r e l .  A 6.35-cm i n s i d e  diameter s tee l  t u b e  having  
a w a l l  t h i c k n e s s  o f  0.317 w a s  surrounded by a 3.9-cm-thick l a y e r  
of composition C-4 exp los ive .  A s t a n d a r d  launcher  b a r r e l  w a s  
cen te red  i n s i d e  t h e  tube .  The c o l l a p s i n g  tube  w a s  designed t o  
have t h e  same t h i c k n e s s  and v e l o c i t y  upon b a r r e l  impact  a s  t h e  
f l y e r  p l a t e s ,  0.635 c m  and 1 . 7  km/sec r e s p e c t i v e l y .  This  system 
r e p r e s e n t s  a l i n e a r  ( c o n s t a n t  v e l o c i t y )  second-stage p i s t o n  
t r a v e l i n g  a t  8.0 km/sec. The s h o t  w a s  i n t ended  t o  v e r i f y  c o l l a p s e  
p r e d i c t i o n s  ob ta ined  from one-dimensional POD runs  as w e l l  as 
provide t iming d a t a  on t h e  c o l l a p s e  t i m e  of t h e  tube .  

The l a t t e r  o b j e c t i v e  w a s  a t t a i n e d :  however it w a s  n o t  
p o s s i b l e  t o  o b t a i n  conf i rmat ion  of complete barrel  c o l l a p s e .  I t  

was observed t h a t  t h e  b a r r e l  c o l l a p s e  drove a s t r o n g  shock wave 
ahead of it. Unfor tuna te ly ,  on ly  fragments of t h e  b a r r e l  and 
c o l l a p s e  tube  w e r e  recovered fo r  pos t - sho t  examinat ion.  

A c y l i n d r i c a l  impact l e n s ,  as desc r ibed  above, i s  easy  t o  
f a b r i c a t e .  The c y l i n d r i c a l  geometry allows t h e  main e x p l o s i v e  
reservoir of t h e  l e n s  t o  be cons t ruc t ed  f r o m  t w o  c o n c e n t r i c  
l e n g t h s  of r e a d i l y  a v a i l a b l e  tub ing .  Phasing f i n s  may b e  added 
t o  t h e  o u t e r  tube  t o  o b t a i n  any d e s i r e d  a c c e l e r a t i o n  t r a j e c t o r y .  
The complete l e n s  assembly i s  independent of t h e  b a s i c  launcher  
and may be p o s i t i o n e d  around t h e  b a r r e l  j u s t  p r i o r  t o  f i r i n g .  
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The recommended n e x t  s t e p  i n  e v a l u a t i o n  of  t h e  c y l i n d r i c a l  
impact l e n s  would be t o  use a l e n s  i d e n t i c a l  t o  t h a t  i n  shot  
245-9 i n  conjunct ion  w i t h  a basic launcher .  The c o n s t a n t  v e l o c i t y  
augment a t  8 km/sec should produce a s i g n i f i c a n t  i n c r e a s e  i n  
p r o j e c t i l e  v e l o c i t y ,  w h i l e  minimizing t h e  complexity of the 
launcher .  The observed performance combined w i t h  pos t - sho t  ob- 

s e r v a t i o n s  should  allow a reasonable  e v a l u a t i o n  of t h e  l e n s  
technique.  Sho t  245-9 i s  s u f f i c i e n t  for  p rov id ing  t h e  necessary  
t iming d a t a  t o  i n t e g r a t e  t h e  l e n s  o p e r a t i o n  w i t h  t h e  basic  launch 
c y c l e .  Having e s t a b l i s h e d  the  l e n s  e f f e c t i v e n e s s ,  phas ing  tech-  
niques may be employed t o  achieve  maximum p r o j e c t i l e  v e l o c i t y .  
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SECTION 5 

CONCLUSIONS 

This  y e a r ' s  e f for t s  have concen t r a t ed  on o b t a i n i n g  a b e t t e r  
understanding of t h e  second-stage launcher  o p e r a t i o n .  
t i c u l a r  concern w a s  t h e  e f f e c t i v e n e s s  of exp los ive  augmentation 
techniques i n  c o l l a p s i n g  t h e  launcher  b a r r e l  and forming an 
effect ive p i s t o n .  

Of par -  

A series of computer c a l c u l a t i o n s  of two-stage launcher  
ope ra t ion ,  i n c l u d i n g  t h e  second-stage s t a r t u p  phenomena w a s  
performed. T h e  c a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  e x p l o s i v e  l e n s  
and barrel  c o n f i g u r a t i o n  w a s  more than  adequate  t o  completely 
c o l l a p s e  t h e  ba r r e l  a g a i n s t  t h e  h igh-pressure  gas  f lowing behind 
t h e  p r o j e c t i l e .  I t  i s  s i g n i f i c a n t  though t h a t  w h i l e  t h e  c a l c u l a -  
t i o n  allowed f o r  r ad ia l  w a l l  motion and i t s  i n t e r a c t i o n  w i t h  the 
gas flow, only one-dimensional gasdynamic phenomena w e r e  
considered.  Therefore, t h e  p r i n c i p a l  phenomena n o t  accounted 
f o r  i n  t h e  c a l c u l a t i o n  i s  boundary-layer growth. Two c a r e f u l l y  
c o n t r o l l e d  two-stage launchers  designed t o  correlate w i t h  t h e  

c a l c u l a t i o n s  w e r e  f a b r i c a t e d  and f i r e d .  I n  n e i t h e r  case w a s  
barrel  c o l l a p s e  achieved,  a l though a symmetric ni t romethane 
reservoir and phas ing  f i n s  w e r e  used. The conclus ion  from t h e  
lack of c o r r e l a t i o n  between t h e  c a l c u l a t i o n  and experiments  i s  
t h a t  two-dimensional gasdynamic effects n o t  i nc luded  i n  t h e  

c a l c u l a t i o n s ,  such as boundary-growth, i n t e r a c t  i n  a s i g n i f i c a n t  
way wi th  t h e  b a r r e l - c o l l a p s e  process .  A c o n s i d e r a t i o n  of t h e  

boundary-layer i n t e r a c t i o n  i n d i c a t e d  t h a t  h igher  c o l l a p s e  pres -  
s u r e s  than those a t t a i n a b l e  wi th  i n - c o n t a c t  e x p l o s i v e s  may b e  
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d e s i r a b l e ,  The importance of t h e  dynamics of  t h e  gas  flow w a s  
confirmed i n  an experiment c o n s i s t i n g  of an i d e n t i c a l  e x p l o s i v e  
l e n s  and b a r r e l  c o n f i g u r a t i o n ,  b u t  w i thou t  h igh -ve loc i ty  gas  
f l o w .  Complete b a r r e l  c o l l a p s e  w a s  achieved f o r  t h e  f i r s t  3 1  

tube  diameters. 

A technique was devised  t h a t  p o t e n t i a l l y  can overcome t h e  

boundary-layer technique and achieve  complete b a r r e l  c o l l a p s e .  
By al lowing an exp los ive  l e n s  t o  a c c e l e r a t e  a f l y e r  p l a t e  which 

impacts a g a i n s t  t h e  b a r r e l ,  s i g n i f i c a n t l y  h i g h e r  c o l l a p s e  pres -  
s u r e s  (up t o  1 Mbar) can be  produced. The f l y e r - p l a t e  impact  can 
be phased t o  produce an a c c e l e r a t i n g  second-stage p i s t o n  us ing  
e x i s t i n g  exp los ive  l e n s  technology.  

S e v e r a l  two-stage launcher  experiments  w e r e  conducted 
u t i l i z i n g  t h e  impact l e n s  technique .  The l e n s  appeared e f f e c t i v e  
i n  c o l l a p s i n g  b a r r e l s  i n  t h e  presence  of gas  flow; however, 
s i g n i f i c a n t  v e l o c i t y  augmentation w a s  n o t  achieved.  Complete 
ba r r e l  c o l l a p s e  w a s  only achieved n e a r  t h e  muzzle end of t h e  

b a r r e l .  I t  w a s  demonstrated t h a t  b a r r e l  r u p t u r e  occurred  dur ing  
t h e  c o l l a p s e  p rocess ,  a l lowing  t h e  a c c e l e r a t i n g  gas  t o  e scape .  
T h e  b a r r e l  r u p t u r e  appeared t o  r e s u l t  f r o m  a dynamic f a i l u r e  
mechanism, such as i n t e r s e c t i n g  shock and r a r e f a c t i o n  waves 
causing t h e  s i d e s  of the b a r r e l  t o  s p a l l .  

A c o l l a p s i n g  tube main ta ins  complete symmetry of  impact  
and should circumvent t h e  b a r r e l  r u p t u r e  mechanism. A s i n g l e  
tes t  s h o t  i n  t h i s  c o n f i g u r a t i o n  w a s  f i r e d ,  c o n s i s t i n g  of a 
c o n s t a n t  v e l o c i t y  l e n s  and a b a r r e l  con ta in ing  ambient a i r .  The 
l e n s  appeared e f f e c t i v e  al though pos t - sho t  conf i rmat ion  of 
b a r r e l  c o l l a p s e  w a s  n o t  p o s s i b l e ,  A t es t  of t h e  l e n s  des ign  on 
a complete launcher  i s  r e q u i r e d  t o  p rope r ly  e v a l u a t e  i t s  pe r fo r -  
mance. 
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The impact technique  appears  promising f o r  overcoming t h e  
b a r r e l  c o l l a p s e  problem i n  two-stage launchers .  Large f l e x i b i l i t y  
i n  des ign  i s  a f fo rded  t o  produce va r ious  d e s i r e d  stress l e v e l s  
i n  t h e  barrel .  A l s o ,  ease of f a b r i c a t i o n  r e s u l t s  from t h e  
p h y s i c a l  s e p a r a t i o n  of t h e  e x p l o s i v e  l e n s  f r o m  t h e  launcher  
b a r r e l .  F i n a l l y ,  it is a n t i c i p a t e d  t h a t  t h e  u l t i m a t e  p r o j e c t i l e  1 
v e l o c i t y  a t t a i n a b l e  wi th  t h e  impact l e n s  is  s u b s t a n t i a l l y  h i g h e r  

than wi th  t h e  i n - c o n t a c t  e x p l o s i v e  l e n s .  This  d i f f e r e n c e  arises 
f r o m  t h e  h i g h e r  c o l l a p s e  velocit ies produced by t h e  h igh  energy- 
dens i ty  f l y e r  p l a t e s .  Therefore ,  an u l t i m a t e  p r o j e c t i l e  v e l o c i t y  
n e a r  20  km/sec appears  f e a s i b l e  f o r  t h i s  type  of launcher .  
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